Post-transcriptional modifications of nucleotide bases can effect several aspects of mRNA function. 22 
For example, the recent work has established the role of m 6 A in the coordinated regulation of 23 transcriptome turnover and translation during cellular differentiation and tumorigenesis. The levels 24 of m 1 A in mRNAs reach up to 10% of those of m 6 A, yet the functional consequences of this 25 modification are much less clear. Here we show that N1-methyladenine protects mRNAs against 26 aberrant interactions during heat shock and amyloidogenesis in mammalian cells. The m 1 A 27 methylation motif correlated with the enhanced sequestration of transcripts in stress granules (SG). 28 The cognate methyltransferase TRMT6/61A accumulated and m 1 A was enriched in SG. 29 Downregulation of the catalytic subunit TRMT61A enhanced amyloidogenesis in the cytosol and 30 increased bystander protein and RNA co-aggregation with A aggregates. Faulty granulation of 31 mutant RNAs has been implicated in pathogenesis of protein aggregation disorders. Our results 32 demonstrate that also normal mRNAs succumb to co-aggregation with proteins if RNA dynamics 33 during stress is disturbed due to the insufficient N1-adenine methylation. The target motif for the N1-adenine methylation on mRNAs by TRMT6/61 has been identified (1, 35 2). We analyzed its presence in SG-sequestered mRNAs (3) using a motif which can form an at least 36 two base pair-long stem (Fig. 1a ). The analysis revealed that TRMT6/61A-targeted transcripts were 37 enriched in SGs (Fig. 1b ). Two GO categories in SG-sequestered mRNAs with the m1A motif were 38 significantly increased: "Regulation of RNA metabolic processes" (1.7x, 59 proteins) and 39 "Axonogenesis" (4.6x, 13 proteins). The latter category represents an intriguing hit ( Fig. S1a ) 40 because the build-up of the long process of a neuron requires packing and transport of RNA granules 41 to the sites of local translation (4). The enrichment of axonogenesis proteins suggests that the m 1 A-42 related granulation is not restricted to stress conditions but might be a more general mechanism of 43 the mRNA metabolism. Structurally, the m 1 A-motif containing SG-enriched transcripts were longer 44 than control mRNAs ( Fig. S1b ). 45 Next, TRMT61A-deficient cells were prepared and named "knock-downs" (KD) because of the 46 residual levels of the catalytic subunit ( Fig. S1c) . Protein synthesis and cellular viability were not 47 significantly changed and the proliferation was only slightly slower in KD cells ( Fig. S1d-f ). Heat 48 shock for 60 min did not change the amount of m 1 A in tRNAs ( Fig. 1c and Fig. S1g ), yet affected 49 cellular viability correlating with TRMT61A levels (Fig. 1d) . Similarly, TRMT61A activity was 50 needed to protect cells from another acute proteostasis stressor, arsenite ( Fig. S1h, i) . 51 52 N1-adenine methylation on mRNAs is known to increase upon heat shock (5), which suggests the 53 link between m 1 A in mRNAs and the impaired survival of KD cells. In support, TRMT6/61A 54 methyltransferase localized to SG under stress ( Fig. 2a and Fig. S2a ). To quantify N1-methyladenine 55 accumulation in SG by mass spectrometry, we established SG isolation (6) and targeted selected ion 56 monitoring procedures ( Fig. S2b-d) . A significant enrichment of m 1 A (calculated as m 1 A/A fraction) 57 in SG was detected as compared to cytosolic mRNAs (Fig. 2b) . The origin of the signal from 58 4 ribosomes in SG can be excluded, because the only m 1 A on human ribosome is on the 60S subunit 59 (7), which is excluded from SG (8). 60 To test functionally whether TRMT6/61A can protect mRNAs during proteostasis stress, m 1 A motif-61 containing reporters were generated and analyzed. An m 1 A motif from the 5'-UTR of the PRUNE1 62 transcript (1, 2) was inserted into the 5'-UTR of an Ubiquitin-EGFP (UbE) construct ( Fig. 2c, Fig.   63 S2e). The UbE protein is highly unstable and its accumulation can be detected with the precision of 64 several minutes upon inhibition of proteasomal degradation in HeLa cells (9). Consequently, the 65 accumulation of the UbE protein would indicate the functional amount of its coding mRNA in the 66 cytosol at the time-point when degradation and transcription are inhibited. In parallel to the wild-type 67 reporter WT-UbE, a control reporter MUT-UbE with mutated adenine was generated and tested under 68 normal conditions ( Fig. 2d ). To test the reporters during heat shock and recovery, transcription of 69 new mRNA was inhibited ( Fig. S2f) . Notably, heat-misfolded proteins overloaded the proteasomal 70 capacity leading to small accumulation of protein from MUT-UbE (Fig. 2e, lane 4) , which suggested 71 that heat-related inactivation of MUT-UbE mRNA was less efficient. Oppositely, upon returning to 72 37°C, the protein from WT-UbE accumulated significantly more ( Fig. 2e ). These data indicate that 73 the m1A motif-containing mRNA 1) during heat shock are sequestered more efficiently and 2) during 74 recovery became functional again faster. 75 76 We analyzed whether the impaired dynamics of mRNA in cytosol can aggravate protein aggregation. 77 The amyloid- peptide A1-42 fused to GFP (A-GFP) was used to this end. Western blot analysis 78 revealed an enhanced accumulation of A-GFP in KD cells ( (Fig. 3c ). Enzymatically impaired TRMT61A mutant D181A was less efficient in this 82 suppression ( Fig. S3b ), which argues for the necessity of enzymatic function for mRNA safeguarding. 83 We wondered if the m 1 A tag can rescue its containing transcripts also under chronic proteostasis 84 stress imposed by amyloidogenesis. Reporters encoding NAD(P)H:quinone oxidoreductase 1 85 (NQO1), a stable human protein, were prepared ( Fig. 3d and Fig. S3c ). Transient co-expression of 86 WT-NQO1 with A-GFP resulted in reduced accumulation of the reporter protein ( Fig. 3e ). 87 However, this effect was significantly stronger in the case of MUT-NQO1. The amounts of both 88 reporter mRNAs were similar as confirmed by quantitative PCR (Fig. S3d ), which suggests that the 89 methylation of adenine in the TRMT6/61A motif was needed to sustain the functionality of the Aberrant protein-protein interactions are known to be important for proteotoxicity (10, 11) . 97 Mechanistically, we entertained the possibility that mislocalized mRNAs become entrapped in 98 protein aggregates and enhance protein co-aggregation. To test this assumption, A-GFP was 99 overexpressed, its aggregates isolated two days later and analyzed. Mass spectrometry quantification 100 revealed strongly increased co-aggregation of cellular proteins with the A amyloid when the activity 101 of TRMT6/61A was suppressed ( Fig. 4a , Table S1 and S2). Based on five biological repetitions, we 102 identified 244 proteins significantly enriched in aggregates in KD cells. There was a considerable 103 overlap between those proteins and the smaller set of 80 co-aggregators from wild-type cells ( Fig.   104 4b). The difference between the sets turned out to be revealing, because the co-aggregome from KD 105 6 cells contained four functional categories which were not present in the WT set ( Fig. 4c ). The top-106 two category was "mRNA binding", which supported the notion of aberrant sequestration of mRNAs 107 in protein aggregates. In this scenario, amyloid-associated mRNA would attract mRNA binding 108 proteins thus propagating aberrant protein-protein interactions. To verify this inerpretation directly, 109 we used polyT-beads to isolate cellular mRNAs from wild-type and KD cells. Indeed, mRNA 110 association with the amyloid was significantly higher in the KD cells ( Fig. 4d ). Note the difference 111 of A-GFP accumulation in Fig. 3a (two days after transfection) and Fig. 4d (one day after 112 transfection). We deliberately chose to look for aberrant RNA-protein interactions at an earlier time-113 point to support their causative relevance for the increased amyloidogenesis. Two questions remain to be answered regarding the model our data propose ( Fig. S4 ). First, the 130 appearance of free mRNA due to the translation impairment under different conditions has to be 131 elucidated. This challenge is especially pressing for the chronic proteostasis stress during 132 amyloidogenesis, where translation factor co-aggregation and protein synthesis defects have been 133 documented (11, 17) . Second, the extent and mechanism of the m 1 A-tagged mRNA involvement in Expression constructs generated for this study were prepared by standard molecular biology 155 techniques and coding sequences were verified. Two additional Flag tags where inserted into the 156 vector coding TRMT61A. An m1A motif from human PRUNE1 5'-UTR was introduced into the 157 Ubiquitin-EGFP construct (9) to prepare WT-UbE reporter. The motif was mutated such that the to-158 be methylated adenine was exchanged into uracil to prepare MUT-UbE. Similarly, a 3xFLAG-NQO1 159 eukaryotic expression vector (19) was modified to introduce an m1A motif upstream the coding 160 sequence to construct WT-NQO1 reporter. This motif was mutated as above to prepare MUT-NQO1. 
WT-NQO1 and MUT-NQO1 Reporter Assay

237
HeLa cells were seeded in a 12-well plate at 1x10 5 cells per well. Next day, they were transfected 238 with 250 ng reporter constructs and different amounts of Aβ-GFP construct (0 ng, 250 ng, 500 ng or 239 1000 ng) using PEI (the ratio DNA:PEI was 1:6 using a 1 mg/mL PEI solution). 24 h after 240 transfection, cells were collected and analyzed by SDS-PAGE and western blotting using anti-GFP 241 and anti-GAPDH antibodies. For quantitative comparison, NQO1 amount per unit of A-GFP was 242 calculated by multiplying the respective NQO1 and A-GFP values. Then, the average for all three 243 A-GFP concentrations was calculated. The average for WT-NQO1 reporter was set as 1. with 3.7% paraformaldehyde/PBS for 9 minutes at RT. They were then permeabilized with acetone 251 at -20°C for 5 min, blocked with 1% BSA/PBS for 1 h at RT and incubated with anti-TIAR in 1% 252 BSA/PBS at RT for 1 h. Incubation with anti-Rabbit IgG-AlexaFluor647 and anti-Flag M2-Cy3 was 253 done in 1% BSA/PBS at RT for 1 h, followed by three washing steps with PBS and DAPI staining. 254 Slides were mounted in PBS and imaged. ImageJ (20) was used to compare fluorescence profiles 255 along a set line. 256 To compare stress granule formation upon arsenite treatment, HeLa WT and TRMT61A KD cells 257 were seeded in a 12-well plate with polylysine-coated cover slides at 1.5x10 5 cells/well. Next day, 258 medium was replaced by serum-free medium and the cells were kept at 37°C for 2 h. Arsenite was 259 13 then added at 0.0625 mM for 30 min at 37°C. Cells were washed with PBS, fixed with 3.7% 260 paraformaldehyde at RT for 10 min, permeabilized with acetone at -20°C for 5 min, blocked with 1% 261 BSA/PBS for 1 h at RT and incubated with anti-TIAR for 1 h. Incubation with anti-Rabbit-IgG Alexa 262 Fluor647 conjugate for 1 h, three washes with PBS and staining with DAPI followed. Slides were 263 imaged using a Zeiss LSM-780 inverted confocal microscope with a 63x oil immersion objective. 
Quantification of Modified Nucleotides by Mass Spectrometry
305
Stress granules were prepared as described (6) omitting the affinity purification step. HeLa cells were 306 treated with 0.5 mM Arsenite at 37°C for 60 min, washed, pelleted and flash-frozen in liquid nitrogen. 307 The pellets were thawed, resuspended in 500 µL lysis buffer (50 mM Tris HCl pH 7.4, 100 mM 308 potassium acetate, 2 mM magnesium acetate, 0.5 mM DTT, 50 µg/mL Heparin, 0.5% NP40, Protease Samples were store at -20°C before mass spectrometry. 330 Chromatographic separation of the nucleosides was performed with an Easy-nLC1000 on an in-house 331 packed column (100 µm inner diameter, 50 cm length, 4 m Synergi Fusion 80 Å pore size from 332 Phenomenex (Aschaffenburg, Germany) using a gradient from mobile phase A (5 mM ammonium 333 16 formate pH 5.3) to 32% mobile phase B (100% acetonitrile) for 50 min followed by a second step to 334 40% B for 8 min, with a flow rate of 200 nl/min. 335 Retention times were monitored using 10 nM solutions of nucleoside standards purchased from 336 Sigma Aldrich (main nucleosides) and Carbosynh (N1-methyladenosine and N6-methyladenosine). 337 Nucleosides were injected into a Q Exactive Plus mass spectrometer equipped with a Nanospray Flex 
